Purpose: We have reported that the genetic variation of the tenomodulin gene (TNMD) is associated with the risk of type 2 diabetes (T2DM), central obesity, and impaired glucose metabolism and the TNMD mRNA levels correlate with serum and mRNA levels of inflammatory markers. Our objective was to investigate the genetic associations of the single nucleotide polymorphisms of the TNMD gene with the serum levels of systemic immune mediators.
The association between elevated plasma levels of low-grade inflammation markers and systemic immune mediators, obesity, and the risk of developing type 2 diabetes (T2DM) has been reported in several prospective population-based studies. The possible predictors include C-reactive protein (CRP), interleukin (IL)-6, serum amyloid A (SAA), soluble intercellular adhesion molecule (sICAM), macrophage migration inhibitory factor (MIF), and chemokine, CC motif, ligand 5 (CCL5, also known as RANTES). [1] [2] [3] [4] [5] [6] [7] For example, the association of CRP with T2DM riskhasbeenconsistentlyreportedindifferentstudypopulations, 2, [5] [6] [7] [8] including the Finnish Diabetes Prevention Study (DPS). 2 We have previously reported that single nucleotide polymorphisms (SNPs) of the tenomodulin gene (TNMD) are associated with parameters of central obesity in women and with impaired glucose tolerance (IGT) and its conversion to T2DM in men of DPS. 9 Furthermore, weight reduction has been shown to downregulate the expression of TNMD in adipose tissue, 10, 11 and accordingly, the mRNA levels of TNMD correlate inversely with insulin sensitivity index and lean body mass and positively with fat mass and serum leptin levels 10 and with mRNA and serum levels of various inflammation-associated markers. 12 The X-chromosomal TNMD gene encodes type II transmembrane glycoprotein that is mainly expressed in hypovascular connective tissues. 13, 14 It is a putative angiogenesis inhibitor, 14 but contains also a BRICHOS-domain that is suggested to have intramolecular chaperone-like function 15 and has been associated with endoplasmic reticulum stress, proteasome dysfunction, and caspase 3 activation. 16 Because of the well-established connection of low-grade inflammation to obesity, metabolic syndrome, IGT, and T2DM [17] [18] [19] [20] and our previous findings concerning the associations between genetic variations of TNMD and T2DM and obesity, 9 the aim of this study was to investigate the associations between variation of TNMD gene and serum levels of systemic immune mediators in the Finnish DPS population. We also studied if the possible genotype effects are modified by body size, indicated as body mass index (BMI) or waist circumference and the status of glucose metabolism, indicated as 2-hour plasma glucose (2 hr PG) concentration in an oral glucose tolerance test.
MATERIALS AND METHODS
The Finnish DPS DPS was a randomized, controlled, multicenter study conducted in Finland in 1993-2000. Study design, follow-up, and applied methods have been reported in detail elsewhere. 21, 22 The main inclusion criteria were BMI over 25 kg/m 2 , age 40 -64 years, and IGT [2 hr PG 7.8 -11.0 mM in an oral glucose tolerance test and fasting PG Ͻ7.8 mM]. DNA was available from 507 individuals (166 men and 341 women). The baseline characteristics of participants are summarized in supplemental Table 1 (available online only). The study protocol was approved by the Ethics Committee of the National Public Health Institute in Helsinki, Finland; and the participants gave written informed consent.
Laboratory measurements
PG concentration was measured at each center by standard methods that have been described earlier. 21, 22 The methodology for IL-6, CRP, SAA, MIF, CCL3 (chemokine, CC motif, ligand 3, alternative name macrophage inflammatory protein-1␣), and CCL5 serum measurements has been described elsewhere. 2 
Genotype analysis
The SNP selection and the genotype analysis of the 507 subjects was performed earlier. 9 Briefly, six intronic and one nonsynonymous exonic (rs2073162) TNMD SNPs ( Figure 1) were selected from the HAPMAP 23 and NCBI databases. The genotyping was performed with TaqMan Allelic Discrimination Assay according to manufacturer's instructions using ABI PRISM 7000 sequence detector (Applied Biosystems, Foster City, CA). To calculate the error rate for genotyping, a subset of randomly selected samples representing 6.3% of the study cohort was repeated.
Statistics
Haploview software 24 was used for linkage disequilibrium (LD) analysis, and association studies were performed with SPSS14.0 for Windows (SPSS, Chicago, IL). In this study, only the baseline serum measurements were analyzed. The data are presented as means Ϯ SD (Tables 1-6 ) or means Ϯ SEM (Figures 2-3) and P Ͻ 0.05 was considered statistically significant. Normal distribution was tested with Lilliefors-corrected Kol- 26 (http://ecgene.net/genecanvas/) was used for haplotype analysis, which was performed on the basis of the observed haploblock pattern (Fig. 1) .
Because of the observed interactions, the data were stratified according to median 2-hour PG concentration (8.72 mM) and genderwise median BMI (29.43 for men, 31.21 for women) and waist circumference (98.5 for men, 103.25 for women) to study whether the genotype effect is modified by body size or the status of glucose metabolism. The genotype effects were analyzed with GLM using appropriate adjustments and the overlapping of median categories was analyzed by Pearson 2 test.
RESULTS
Seven TNMD SNPs ( Fig. 1) were genotyped from 507 DNA samples (166 men, 341 women) from the DPS subjects and analyzed for the Hardy-Weinberg equilibrium and LD as described earlier. 9 The LD pattern is presented in Figure 1 and the minor allele frequencies are listed in supplemental Table 1 (available online only). The haplotype frequencies of the observed two LD-based haploblocks are reported in Tables 1 and 2 . As BMI and waist circumference had very similar effects in the covariate models and stratified analyses and the low-grade inflammation is more related to the cen- tral obesity than body size in general, 27 only the results in the medians of waist circumference and 2 hours PG are reported.
C-reactive protein (CRP) and serum amyloid A (SAA)
The three markers, rs2073162, rs2073163, and rs1155974 that associated with increased risk for T2DM among men in our previous study 9 were associated with serum concentrations of CRP and SAA in men (Fig. 2, A and B, Table 3 ). The subjects with rs2073163-C and rs1155974-T alleles, which were associated with increased T2DM risk, had higher concentrations of both acute phase reactants. The association of rs2073162 was similar, though more modest. Waist circumference, but not 2 hours PG had significant effect on the serum levels of these markers, but the genotype*covariate term was significant in both models suggesting that these factors modify the genotype effect (Table 3) .
To study the effect modification suggested by the waist circumference*genotype and 2 hr PG*genotype-interactions in the covariate analyses, the data were stratified by the median waist circumference and 2 hours PG. The median categories of 2 hr PG concentration and waist circumference did not overlap significantly (P ϭ 0.162). The markers rs2073162, rs2073163, and rs1155974 were associated with SAA concentrations in both models in all men. In stratified analyses, the genotype effects were observed in the upper medians of waist circumference and 2 hours PG, whereas there was no difference in the lower medians (Fig. 2, A and  B) . As suggested by the covariate analysis, the association was more significant in the upper median of waist circumference than in that of 2 hours PG (Fig. 2, A and B) . The subjects with rs2073162-A, rs2073163-C, and rs1155974-T alleles, that had elevated risk for developing type 2 diabetes, had higher concentrations of both SAA and CRP.
Soluble intercellular adhesion molecule (sICAM)
In all men rs2073163 and rs115974 associated also with sICAM levels so that the minor alleles were again associated with higher concentrations (data not shown; p/q 0.028/0.032 and 0.019/0.03 for rs2073163 and rs1155974, respectively). Waist circumference or 2 hours PG had no independent effect on the serum concentrations of sICAM, but both parameters had statistically significant interaction with the genotype (p/q 0.029/0.058 for rs2073163*waist, 0.035/0.07 for rs2073163*2 hours PG, 0.021/0.056 for rs1155974*waist and 0.029/0.07 for rs1155974*2 hours PG). These associations were not apparent in the median-stratified data, although nonsignificant trends were observed.
In women, rs2073163 did not have similar genotype effect as in men, although genotype*covariate interaction was observed in both models (data not shown: p/q 0.029/0.049 for genotype*waist circumference and 0.035/0.069 for genotype*2 hours PG).
Chemokine, CC motif, ligand 5 (CCL5)
In all men rs5966709 and rs4828037 were associated with serum CCL5 concentrations in each of the three models so that the subjects with rs5966709-T and rs4828037-C genotypes had lower concentrations. Waist circumference or 2 hours PG did not have strong individual effect on the serum CCL5 concentration, but again seemed to modify the genotype effect, as suggested by the significant interaction terms ( Table 4 ). The association of both markers was more pronounced in the upper median of 2 hours PG, whereas no differences were observed in the lower median. In the lower median of waist circumference, rs4828037 and rs4828038 were associated with CCL5 concentrations so that the rs4828038-T and rs4827037-C genotypes had lower serum concentrations of CCL5 (Fig. 2, C and D, Table 4 ). The genotype effects were not observed in the upper median of waist circumference or in the lower median of 2 hours PG.
In women rs5966709, rs2073163, and rs1155974 were associated with serum concentrations of CCL5 in both covariate models. Waist circumference or 2 hours PG did not have individual effect on the CCL5 concentrations, but they seemed to modify the genotype effect, although in a modest manner (Fig. 3, A and B, Table 5 ). The genotypes rs5966709-GG, rs2073163-CC, and rs1155974-TT had significantly higher concentrations than the other genotypes of the same markers. Accordingly, the strongest associations were observed with dominant model for rs5966709 (p/q ϭ 0.008/0.01) and recessive model for rs2073163 and rs1155974 (p/q ϭ 0.02/0.01 and p/q ϭ 0.022/0.01, correspondingly, for both waist-and 2 hr PG-adjusted models). The same genotypes of rs2073163 and rs1155974 were also associated with higher T2DM risk in men but not in women in our previous study. 9 The median analysis was performed on the basis of the same parameters as in men. There was slightly more overlap between the median categories in women than in men: 2 hr PG median categories overlapped with medians of waist circumference, but the redundancy of these categories was still quite low (P ϭ 0.017, redundancy 56.3%). In stratified data, the associations of these three markers were nonsignificant in the waist circumference medians, but the associations of rs2073163 and rs1155974 with serum concentrations of CCL5 were observed in the upper median of 2 hours PG with additive and recessive model, correspondingly (Fig. 3, A and B) .
Chemokine, CC motif, ligand (CCL3)
In women, rs5966709 and 4828037 were also associated with the concentrations of CCL3, which, like CCL5 is a ligand for chemokine receptor CCR5. In additive model the major and minor allele homozygotes were associated with higher serum CCL3 concentrations than the heterozygotes (Table 6 ). Stronger associations were observed with dominant model (Fig. 3C) , while no differences were observed in the recessive model. A trend for genotype*covariate interaction was observed with waist circumference, although it had no independent effect on the serum concentrations. The effect of 2 hours PG and the 2 hr PG*genotype interaction were highly significant (Table 6 ). Both markers were associated with CCL3 concentrations in the upper median of 2 hours PG and in the lower median of waist circumference (Fig. 3C) .
Macrophage MIF
In addition rs2073162, rs2073163, rs4828038, and rs1155974 were associated with serum concentrations of MIF in both models in women (data not shown; p/q for 2 hr PG-adjusted additive model 0.032/0.068, 0.027/0.066, 0.014/0.046, and 0.013/0.046, respectively). The major allele homozygotes rs2073162-GG, rs2073163-CC, rs1155974-TT, and minor allele homozygotes rs4828038-TT were associated with lower concentrations in comparison with the other genotypes. In the covariate analyses only 2 hours PG had independent effect, whereas interaction with genotype was observed with both 2 hours PG and waist circumference (data not shown). In the median-stratified data, the associations of these four markers, apart from rs2073162, remained statistically significant also in the upper median of waist circumference (p/q for additive model 0.007/0.135, 0.07/0.380, and 0.006/0.135 for rs2073163, rs4828038, and rs1155974, respectively), whereas no difference was observed in the lower median of waist circumference or in either of the 2-hour PG medians.
Interleukin (IL)-6
In women, rs11798018 was associated with serum concentrations of IL-6 (data not shown). This association was more pronounced in models that included waist circumference (p/ q ϭ 0.032/0.068 and 0.047/0.07 for waist circumference and 2 hr PG-adjusted models, respectively), where the genotype* covariate interaction was also highly significant (p/q Ͻ 0.001/ Ͻ0.003 for genotype*waist circumference and 0.054/0.088 for genotype*2 hours PG). These associations were no longer observed in the median-stratified data.
Haplotype analysis
The single-marker associations were mostly haploblock specific. The markers from the second haploblock (rs2073162, rs2073163, rs4828038, and rs1155974) were associated with serum concentrations of acute-phase reactants in men (Fig. 2,  A and B, Table 3 ) and with serum concentrations of MIF in women, whereas the markers from the first haploblock (rs5966709 and rs4828037) were associated with CCL3 concentrations in women (Fig. 3C , Table 6 ) and CCL5 concentrations in men (Fig. 2C, Table 4 ). However, markers from both haploblocks were associated with CCL5 concentrations in women (Fig. 3, A and B, Table 5 ). The LD-based haplotype analysis did not reveal a haplotype that explained the association substantially more than any individual SNP, although in the first haploblock the haplotype of rs11798018, rs5966709 and rs4828037 containing the alleles C, T, and C of the corresponding markers was associated with lower serum concentrations of CCL5 than the reference haplotype containing A-, Gand T-alleles of the same markers in women ( Table 1) . The difference was in line with the individual association of rs5966709 (Fig. 3A) . Furthermore, in the second haploblock in women an association with MIF concentrations was observed so that the haplotype of rs2073162, rs2073163, rs1155974 containing the alleles G,T, C and C of the corresponding markers was associated with elevated concentrations in comparison with the most common haplotype containing G-, T-, T-and C-alleles of the same markers (Table 2) , which was compatible with the individual association of rs4828038. We also observed an association with CCL3 concentrations in women in the second haploblock (Table 2 ) and with SAA concentrations in men in the first haploblock (Table 1) , but these were not compatible with the results of single-marker analysis.
In the median-stratified data, the haplotype of the second haploblock that contained all three risk alleles for elevated serum concentrations of acute phase reactants (rs2073162-A, rs2073163-C, and rs1155974-T) was associated with higher SAA concentrations in the upper medians of both waist circumference (p/q ϭ 0.0009/0.009) and 2 hours PG (p/q ϭ 0.006/0.09) in comparison with its complement, the most common haplotype with the rs2073162-G, rs2073163-T, and rs1155974-C alleles (data not shown). However, these observations are based on relatively low number of subjects (n of subjects with the former was 17-19 and the n of subjects with the latter haplotype 35-40). 
DISCUSSION
Obesity, insulin resistance, and type 2 diabetes are characterized by a state of chronic low-grade inflammation, indicated by the elevated circulating levels of inflammatory markers, including pro-inflammatory cytokines and acute phase proteins. 28, 29 Adipose tissue synthesizes and secretes inflammatory substances, including cytokines and chemokines that have shown to be up-regulated in adipose tissue in obesity. 29 -31 Specifically, increased visceral fat is associated with a shift in the normal balance of these adipokines resulting in a pro-inflammatory state. 26 Macrophages are the main targets for many of the secreted substances and accordingly, obesity is associated with increased accumulation of macrophages in adipose tissue. 32 One of these chemokines is monocyte chemoattractant protein-1, a CCR2 receptor ligand that is up-regulated in obesity 33 and has been shown to contribute to macrophage infiltration in adipose tissue. 34 Recently also CCR5 receptor and its ligand CCL5 have been shown to be up-regulated in adipose tissue in obesity. 31 We observed that the genetic variation of TNMD is consistently associated with serum concentrations of different systemic immune mediators in individuals with IGT, suggesting that TNMD could mediate its putative effects on obesity and the development of T2DM via the low-grade inflammation. Specifically, associations were found with the serum concentrations of acute phase proteins CRP and SAA in men and with pro-inflammatory MIF in women. Furthermore, in women uniform associations with concentrations of both of the measured CCR5 ligands (CCL3 and CCL5) were observed, whereas in men the genetic variation was associated with the serum concentrations of CCL5.
Because of limited power caused by relatively low number of study participants and the further stratification to different groups, there may be some undetected associations that would be significant in larger study populations. In addition, some of the observed associations that were no longer statistically significant after correcting for multiple hypothesis testing (i.e., had FDR Ͼ0.05), might remain statistically significant in a more powerful study. The strength of the study population is that despite the modest sample size, the DPS is quite homogeneous population consisting of Finnish subjects who all had IGT and BMI Ͼ25.
As this was an explorative analysis, the multiple comparisons were necessary, and some of the findings might be false positives. However, we applied FDR to control for the multiple hypothesis testing and the FDR for associations of rs2073163 and rs1155974 with acute phase proteins and sICAM and those of rs5966709 and rs4828037 with CCL5 in men in the BMIadjusted analysis was low (q Ͻ 0.05). The FDR was Ͻ0.05 also for the associations of rs5966709 with CCL3 and CCL5 and those of rs2073163 and rs1155974 with CCL5 and MIF in women. In addition, several associations had 0.05 Ͻ FDR Ͻ0.1. Therefore, we believe that these results with small FDR are likely to be true and they suggest that tenomodulin could have a modifying role in the inflammatory status.
It is possible that different genes operate in distinct phases in the development of T2DM. The observed waist circumferenceand 2 hr PG concentration-related associations of TNMD genetic variation with cytokines are in line with this idea. In the present study, the genotype effects were modified by the status of glucose metabolism so that the effect was considerably stronger in the individuals with 2 hours PG Ͼ median. In addition, central obesity, indicated by waist circumference, mod- ified the effect in a similar manner, i.e., the genotype effect was more pronounced in the upper medians. CCL5 was the only exception to this, as the genotype effects were observed in the lower medians of obesity parameters.
As the biological function of TNMD is poorly understood, it is difficult to suggest a mechanism for this connection. However, TNMD belongs to the BRICHOS-domain containing proteins some of which are associated with chronic diseases. These include BRI2, which is related to familial British and Danish dementia, chondromodulin-I related to chondrosarcoma, CA11 related to stomach cancer, and surfactant protein C related to respiratory distress syndrome. 15 TNMD, like other proteins of the BRICHOS-family, is an integral transmembrane protein with type 2 orientation, from which the extracellular part is cleaved proteolytically. The BRICHOS domain has been suggested to function as an intramolecular chaperone for the cleaved part. 15, 16, 35 The novel and quite consistent association between sequence variation of tenomodulin and serum concentrations of systemic immune mediators suggests that TNMD could be involved in the low-grade inflammation, leading e.g., to increased risk for developing T2DM. However, we acknowledge that functional studies are needed to clarify the mechanism for these associations. In addition, replication of the present results in other study populations is needed.
